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ABSTRACT Bacterial persisters represent noninheritable drug-tolerant populations
that are linked to recalcitrance of infections in health care settings. The rise of antibi-
otic resistance and the depletion of new antibiotics in the drug discovery pipeline
have made the task of persister eradication more daunting. In the present study, we
report that treatment of Acinetobacter baumannii with the last-resort antibiotic poly-
myxin B yields continuous variations in tolerance among different clinical isolates.
Mechanistically, polymyxin B persisters exhibit disruption of proton motive force and
delocalization of the cell division protein to attain a growth-arrested phenotype. Tolerance
studies with mutant strains revealed that superoxide dismutase (sodB) activity is a major
contributor to the tolerance of A. baumannii to polymyxin B. Using a dual fluorescence-
based persister detection system, screening of various antibiotics to eradicate polymyxin
B-induced A. baumannii persisters was performed. Rifampicin exhibited eradication of
polymyxin B-tolerant populations by 6-log-unit reductions in magnitude with different
clinical isolates of A. baumannii. We established that enhanced generation of reactive
oxygen species (ROS) by rifampicin leads to clearance of these polymyxin B persisters. It
was further demonstrated, as a proof of concept, that rifampicin potentiates the killing
of polymyxin B persisters in a murine wound infection model. We found that the effects
were linked to significant downregulation of sodB by rifampicin, which contributes to
greater generation of ROS in polymyxin B-tolerant cells. In view of these results, we pro-
pose that the combination of polymyxin B and rifampicin is an effective antipersister
strategy in clearing polymyxin B-induced A. baumannii persisters.
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Treatment of infectious diseases caused by bacterial pathogens with antibiotics is
the hallmark achievement in modern medicine. However, by adopting various in-

genious mechanisms, bacteria have been able to evade the action of antibiotics. This
has been largely attributed to the emergence and spread of antibiotic resistance in
pathogenic bacteria (1, 2). Recently, mechanisms other than resistance have been high-
lighted as major drivers that contribute to the failure of antibiotics in health care set-
tings. With the introduction of new antibiotics in clinics, it became clear that antibiotic
treatment often failed to completely eradicate the bacterial subpopulation termed
“persisters” (3). Bacteria are able to survive the action of antibiotics even at lethal con-
centrations by existing as persisters, which are genetically identical to the normal anti-
biotic-susceptible cells but exhibit a transient and nonheritable tolerance to bacteri-
cidal antibiotics (4). Persisters are widely considered to contribute to recurrent infections
and to the development of antibiotic resistance (5). These observations led to avenues of
research aiming to elucidate the mechanisms of persister formation and to develop strat-
egies to combat these recalcitrant populations of pathogens.
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Acinetobacter baumannii is a Gram-negative, opportunistic pathogen with no speci-
ficity for any niche. It is primarily associated with nosocomial infections, mainly hospi-
tal-acquired pneumonia, skin and soft tissue infections, urinary tract infections, and
bacteremia, although cases of community-acquired infections are exceptional. A. bau-
mannii is considered a major global threat due to rising prevalence of clinical isolates
that are multidrug resistant (MDR) (6, 7). The World Health Organization (WHO) has iden-
tified A. baumannii as a top-priority pathogen for research and development of new thera-
peutics, due to limited understanding of its pathophysiology (8). The polymyxin class of
antibiotics is considered the last line of defense against MDR Gram-negative “superbugs”
(9). Worryingly, a recent report on the association between recalcitrance of A. baumannii
infections and polymyxin treatment highlights the urgent need for new strategies to com-
bat polymyxin tolerance in A. baumannii (10).

Several studies with Escherichia coli and Pseudomonas aeruginosa clearly indicate re-
dundancy in persister formation. A remarkable study on E. coli persister formation
demonstrated that cells survive by stochastically ceasing growth in the presence of
ampicillin and resume growth following antibiotic removal (11). Antibiotic persisters
exhibit decreases in metabolic activity, compared to their antibiotic-susceptible coun-
terparts. Several studies suggest that major effectors that contribute to membrane
depolarization, ATP efflux, blocked transcription and translation, or inhibition of DNA
replication are major contributors to cellular growth arrest (12). However, little is known
about the aspects of persister formation in A. baumannii. The slower pace of discovery of
new antibiotics reflects both financial and scientific barriers to combating the problem of
recurrent infections in clinics (13). However, one strategy that has proved effective is to
use existing antibiotics in a wiser manner. Antibiotic combinations have been reported to
dramatically enhance the actions of traditional antibiotics against these tolerant/resistant
pathogens. The polymyxin class of antibiotics display synergistic effects in combination
with many different classes of antibiotics (including rifampicin, meropenem, and aminogly-
cosides) to overcome resistance in Gram-negative pathogens (14, 15). However, there are
only a few reports on the potential of combination therapy to eradicate antibiotic-induced
persisters. In this respect, it was shown earlier that antibiotic combinations of polymyxin B
with meropenem and colistin with amikacin are able to eradicate persisters in A. bauman-
nii (16, 17). However, increased reports of carbapenem- and amikacin-resistant A. bauman-
nii strains in clinics highlight the need to search for alternative treatment options (18).

Here, we report that, by targeting the reactive oxygen species (ROS) scavenger
enzyme SodB, complete eradication of polymyxin B persisters in A. baumannii can be
achieved. We screened broad classes of antibiotics with a dual fluorescence system in
the A. baumannii AB5075 strain, which is capable of differentiating growth-arrested
persisters from normally dividing cells. Among the tested antibiotics, rifampicin dem-
onstrated the greatest decrease in polymyxin B-induced A. baumannii persister levels.
Investigating the underlying mechanism behind rifampicin-facilitated killing, we observed
enhanced ROS production and DNA damage in polymyxin B-induced persisters. Further,
exploiting this persister-suppressing ability of rifampicin treatment demonstrated encour-
aging efficacy in an in vivo murine wound model of polymyxin B-induced A. baumannii
persisters. Additionally, we have highlighted the precise mechanism of polymyxin B per-
sister formation in A. baumannii. With anticipated treatment failure of this last-resort drug,
our observations pave the way for further strategies to eradicate polymyxin persisters by
targeting the ROS scavenger pathway of this pathogen.

RESULTS
A. baumannii isolates display large variations in survival rates upon treatment

with polymyxin B. To study the survival rates of polymyxin B-induced persisters, we
performed a persister assay with 22 polymyxin B-susceptible clinical isolates of A. bau-
mannii. Most of the isolates displayed high levels of resistance to amikacin, tetracycline,
gentamicin, and ciprofloxacin (see Table S1 in the supplemental material). Exponentially
growing cells (optical density at 600 nm [OD600] of ;0.5) of different strains were exposed
to a high concentration of polymyxin B (10� MIC) for 3.5h at 37°C, with shaking. The
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survival rates for each strain were calculated by determining the pretreatment and post-
treatment CFU per milliliter values. Also, isolated colonies from each sample were reinocu-
lated and antimicrobial susceptibility tests were performed to confirm that there were no
changes in MIC values.

We observed large variations in survival rates among the clinical isolates. These var-
iations were irrespective of the resistance phenotype of A. baumannii isolates, as
strains with the same MIC values for a particular antibiotic displayed differences in per-
sister formation rates (Fig. 1). The highest persister formation rates (0.1 to 1%) upon ex-
posure to polymyxin B were observed for RPTC-1, AB5075, and RPTC-6. However,
RPTC-23, RPTC-14, RPTC-12, RPTC-10, and RPTC-9 displayed no persister formation at a
high concentration of polymyxin B. RPTC-1 and AB5075, which showed higher persister
formation rates upon polymyxin B treatment, were used for persister assays with mero-
penem, rifampicin, and tigecycline. These strains displayed low persister formation rates
with rifampicin and tigecycline (see Fig. S1). This observation may indicate the existence of
different mechanisms implied by A. baumannii persister formation upon treatment with
different antibiotics. As A. baumannii AB5075 displayed a higher survival rate upon poly-
myxin B treatment, in addition to the availability of its full genome annotation, it was used
for further studies.

Disrupted proton motive force leads to cell division protein delocalization and
depletion of intracellular ATP in polymyxin B-induced persisters. The polymyxin
class of antibiotics target the bacterial envelope; therefore, we hypothesized that poly-
myxin B might alter any membrane-associated process that brings about a quiescent

FIG 1 Polymyxin B treatment exhibits variations in persister formation rates in A. baumannii. Persister survival rates, resistance
phenotypes, and polymyxin B MICs of 22 clinical isolates of A. baumannii used in this study are shown. MEMR, meropenem resistance;
AMKR, amikacin resistance; CIPR, ciprofloxacin resistance; STRR, streptomycin resistance; TETR, tetracycline resistance; RIFR, rifampicin
resistance.
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state in A. baumannii cells (19). One such parameter deemed important for cellular
growth and division is proton motive force (PMF). In this context, the change of PMF in
growth-arrested polymyxin B-induced persisters was studied using bis-(1,3-dibutylbar-
bituric acid)-trimethine oxonol (DiBAC4) (Dc sensitive) and 9-amino-6-chloro-2-
methoxyacridine (ACMA) (DpH sensitive) fluorescent dyes and taking carbonyl cyanide
m-chlorophenyl hydrazine (CCCP) (ionophore to disrupt PMF) as the positive control.
Treatment with 10� MIC of polymyxin B led to greater membrane distribution of DiBAC4,
suggesting disruption of the Dc component of PMF, comparable to that attained with
CCCP. In addition, ACMA exhibited greater fluorescence intensity in polymyxin B-induced
persisters, compared to untreated cells of A. baumannii AB5075 (Fig. 2A and B). Overall,
polymyxin B-induced persisters exhibited complete disruption of PMF, which would

FIG 2 Polymyxin B persisters exhibit membrane depolarization-mediated delocalization of the cell division protein. (A) Measurement of the membrane
potential component Dc using the membrane potential-sensitive fluorescent probe DiBAC4. (B) Measurement of the DpH component using the fluorescent
probe ACMA. (C) Drop in intracellular ATP levels determined in polymyxin B persisters using CCCP, with AsO4

52 as a control where indicated. (D)
Subcellular localization of the FtsZ ring and nucleoid segregation studied by immunofluorescence microscopy. Cells were immunostained with polyclonal
anti-FtsZ antibody followed by FITC-conjugated secondary antibody, and nucleoid visualization was performed by staining the cell with DAPI. The
distribution of FtsZ along the cells was analyzed using ImageJ software. Scale bars for all images, 1mm. WT, wild-type. ****, P, 0.0001.
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contribute to changes in cellular energy. The intracellular ATP concentration is a direct
way to measure the energy state inside a cell. Bacterial cells harness PMF to synthesize
ATP by using the F0-F1 ATP synthase complex. To measure the intracellular ATP concentra-
tions in untreated cells and polymyxin B persisters, a luciferase/luciferin assay was per-
formed, taking AsO4

52 (causes ATP depletion in a PMF-independent manner) and CCCP
(causes ATP depletion in a PMF-dependent manner) as positive controls (20, 21). ATP con-
centrations were significantly lower inside polymyxin B persister cells, compared to
untreated cells (Fig. 2C). This decrease is comparable to results with CCCP, indicating a
direct relationship with PMF disruption.

On the basis of the observation that PMF is hampered in polymyxin B persisters, we
hypothesized an efflux-compromised state in these persisters. From the real-time qPCR
analysis, we observed significant upregulation of adeB, adeG, adeJ, and tolC compo-
nents of resistance-nodulation-division (RND) pumps in polymyxin B-induced per-
sisters. However, polymyxin B persisters demonstrated greater ethidium bromide (EtBr)
accumulation, compared to untreated cells, due to disruption of PMF, suggesting an
efflux-compromised state in A. baumannii (see Fig. S2). Further, to study the effect of PMF
disruption and ATP depletion on cell division of polymyxin B persisters, we performed im-
munofluorescence microscopy of FtsZ protein spatial localization. In comparison with
untreated cells, in which we observed an intense and distinct FtsZ ring at the site of cell di-
vision, a loss of spatial localization was observed in polymyxin B persisters, which indicated
a condition of halted bacterial cell division. We observed the same distribution of FtsZ in
cells treated with 5 mM CCCP (Fig. 2D). Treatment with a high concentration of polymyxin
B or addition of CCCP resulted in rapid reduction of the fluorescence signal, suggesting
that PMF disruption mediates delocalization of the cell division protein in these growth-
arrested A. baumannii persisters.

ROS-scavenging assembly in A. baumannii is important for polymyxin B tolerance.
Superoxide free radicals are readily generated as a by-product of aerobic respiration
and are the major source of intracellular oxidative stress (22). Additionally, it is widely
accepted that, in addition to their mode of action, bactericidal antibiotics mediate kill-
ing by generation of ROS (23). Therefore, we sought to determine ROS production in
persisters of different antibiotics. We used five different classes of antibiotics to gener-
ate A. baumannii persisters. The amount of ROS generated was quantified by using
ROS-sensitive dichlorodihydrofluorescein diacetate (DCF-DA), a membrane-permeable
fluorescent dye. Interestingly, it was observed that polymyxin B-induced persisters
exhibited the greatest ROS generation, followed by tobramycin persisters (Fig. 3A). The
amount of ROS generated was lowest for persisters generated upon exposure to mero-
penem, rifampicin, and tigecycline.

Further, in order to determine the effector that contributes to polymyxin B toler-
ance, a simple persister assay was performed with 23 knockout mutants of A. bauman-
nii AB5075. The mutants selected had mutations in genes involved in oxidative stress,
persister-associated two-component systems, and polymyxin antibiotic-binding outer
membrane proteins (22, 24–27). Strikingly, in groups with lower survival rates for per-
sisters, we found genes involved in neutralization of intracellular ROS. The sodB mutant
did not display formation of polymyxin B persisters. Also, the rate of persister forma-
tion was greatly reduced in the pox, katE, fur, znuC, and icl knockout strains (Fig. 3B). To
further validate this finding, we performed a biphasic killing curve assay with the afore-
mentioned mutants. Again, we observed, on the basis of CFU per milliliter values for
the time period of 12 h, that the sodB mutant was highly impaired in tolerance to poly-
myxin B, with 2 to 2.5 log CFU/ml more killing by polymyxin B, in comparison to wild-
type AB5075 cells (Fig. 3C). Next, we constructed a complemented strain in which sodB
expression was under the control of an arabinose-inducible promoter, integrated into
the chromosome with a method described by Tucker et al. (28). We performed a simple
persister assay using polymyxin B against an A. baumannii AB5075 araC-sodB comple-
mented strain with induction with different concentrations of arabinose (0%, 0.2%,
0.5%, and 1%). In contrast to the DsodB mutant strain, the complemented strain
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FIG 3 Identification of the genes responsible for tolerance to polymyxin B in A. baumannii. (A) Measurement of ROS generation in A.
baumannii persisters induced upon treatment with five antibiotics by using the ROS-sensitive fluorescent probe DCF-DA. (B) Heat map

(Continued on next page)
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demonstrated increased polymyxin B tolerance even at 0.2% arabinose induction (Fig.
3D). However, further upregulation of sodB displayed no significant effect on poly-
myxin B tolerance in A. baumannii AB5075. These results suggested that sodB is impor-
tant for polymyxin B tolerance in A. baumannii, besides other ROS-scavenging genes.

Rifampicin treatment eradicates polymyxin B persisters. Persisters represent
growth-arrested or reduced-growth phenotypes in a population of physiologically and
phenotypically different cells. We sought to develop a dual fluorescence system to
identify single cells of persisters from nonpersister populations of the opportunistic
pathogen A. baumannii. We designed a dual-fluorescent-protein-based module com-
posed of super folder green fluorescent protein (sfGFP) (green) and tandem dimer
Tomato (tdTomato) (red). These proteins differ from one another in having different
maturation times; tdTomato, with a longer maturation time (90 min), was transcription-
ally fused with sfGFP, which is processed much more quickly (10 min) (29, 30). The
expression of the two fluorescent proteins is under the control of a strong constitutive
promoter (TTGACGGCTAGCTCAGTCCTAGGTACAGTGCTAGC). Next, we incorporated
the construct into a neutral chromosomal locus of the pathogenic A. baumannii
AB5075 (see Fig. S4). The chosen locus was sulfite reductase (ABUW_0643), which is
conserved in most A. baumannii strains and, according to a previous report, is deemed
a nonessential gene (31). The construct was integrated by using the double homolo-
gous recombination method developed by Tucker et al. (28). Dual fluorescence systems
have been widely used to investigate protein distributions in eukaryotes. However, in
contrast to eukaryotes, protein degradation in prokaryotes occurs very slowly and the
fluorescent protein lifetime depends on the growth rate of the bacteria (32, 33). The dou-
bling time of A. baumannii is;43 min; therefore, the maturation of tdTomato and its flu-
orescence (red) depend on cells with reduced growth rates (34, 35).

Next, we used this dual fluorescence timer system to detect A. baumannii persisters.
Bacterial persisters can be categorized into two types; type 1 persisters represent
growth-arrested subpopulations that are triggered under stress conditions, whereas
type 2 persisters constitute the subpopulations of slowly growing cells that are sponta-
neously produced during growth (36). To investigate the detection of type 1 and type
2 persisters using our dual fluorescence system, we collected A. baumannii AB5075(DF)
cultures from different growth phases and at different time points after treatment with
10� MIC of polymyxin B. Following quantification of red and green fluorescence of
cells from microscopic images, we observed that a small fraction of slowly growing
cells were present at mid-exponential phase (3%), which increased in late exponential
and stationary phases (11.01% to 22.28%). Further, when a high concentration of poly-
myxin B was used to treat A. baumannii AB5075(DF), we observed that, following brief
exposure (1.5 h) to antibiotic, 17% of total cells attained a growth-arrested state. The
total percentage of growth-arrested cells reached 89.38% after 3 h of treatment, which
further increased to 94.7% at 12 h (Fig. 4A). The calculated percentages of persisters in
each frame represent approximate estimates (as residual dead cells might also have
contributed to minor red fluorescence in the treated groups). Therefore, it was evident
that our system is capable of differentiating normal dividing cells from nongrowing or
slowly growing cells of A. baumannii.

Next, we used our dual timer system to screen for suitable antibiotics that could
eradicate the A. baumannii persisters (red fluorescence). Based on the MIC profile of A.
baumannii, we used antibiotics of seven different classes (10� MIC) to which A. bau-
mannii AB5075 is sensitive. To ensure that the test bacterial cultures were composed

FIG 3 Legend (Continued)
showing differences in polymyxin B tolerance in A. baumannii AB5075 mutants. Gene names are shown, with ABUW (i.e., gene locus ID of A.
baumannii AB5075 strain) numbers in parentheses. The scale shows a gradient from 1021 (dark orange) to 1026 (white). (C) Biphasic killing
curve showing differences in persister survival rates between wild-type and sodB mutant A. baumannii AB5075 cells upon treatment with 10�
MIC of polymyxin B. (D) Complementation of araC-sodB in the A. baumannii AB5075 DsodB strain, resulting in restoration of polymyxin B
tolerance. WT, wild-type; PMB, polymyxin B; RIF, rifampicin; MEM, meropenem; TOB. tobramycin; TGC, tigecycline. ****, P, 0.0001; ns, not
significant.

Polymyxin B-Induced Acinetobacter baumannii Persisters Antimicrobial Agents and Chemotherapy

May 2021 Volume 65 Issue 5 e02180-20 aac.asm.org 7

https://aac.asm.org


FIG 4 Dual fluorescent module in A. baumannii for identification of antibiotics to effectively kill polymyxin B-induced A.
baumannii persisters. (A) Cells were harvested at different time points, including early exponential phase, late exponential

(Continued on next page)
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mostly of polymyxin B-induced persisters, the simple persister assay was performed
and cells were harvested following 3.5 h of treatment. The harvested cells were con-
centrated 10-fold in phosphate-buffered saline (PBS), and the final tdTomato red fluo-
rescence of the culture was measured to set a base level of readings. After the addition
of antibiotics, the kinetics of persister killing were monitored by measuring decreases
in the tdTomato fluorescence intensity for a period of 7 h. We observed that rifampicin
and tigecycline could eradicate persisters with significant reductions in fluorescence in-
tensity over the duration of the assay (Fig. 4B). In order to assess whether the drop in
red fluorescence signal was due to killing not only of viable but nonculturable cells but
also of persisters, we performed persister survival assays with AB5075, RPTC 1, and
RPTC 20. We observed that, although tigecycline was effective in reducing the surviv-
ing persisters, rifampicin displayed better persister eradication ability than did tigecy-
cline (Fig. S5).

Rifampicin downregulates ROS-scavenging assembly and mediates DNA damage
in polymyxin B-induced A. baumannii persisters. As discussed previously, polymyxin B
persisters exhibit high levels of intracellular ROS generation and the DsodB mutant dis-
plays a defect in polymyxin B persister formation. This warrants investigation of the
effect of rifampicin treatment on ROS generation. To this end, we treated A. baumannii
AB5075 polymyxin B persisters with rifampicin for 2 h and determined the time-de-
pendent enhancement of ROS production. We observed a time-dependent increase of
ROS generation in the two treated groups, which indicates that rifampicin treatment
led to an increase in ROS generation in polymyxin B persisters (Fig. 5A). Such time-de-
pendent enhanced production of ROS was not observed in tigecycline-treated poly-
myxin B persisters (Fig. S5). To investigate the effect of rifampicin on the ROS-scaveng-
ing system in persister cells, we performed 16S rRNA-normalized qPCR analysis of
genes involved in the liberation of intracellular ROS. It was observed that, following
treatment with rifampicin, polymyxin B persister cells underwent 40-fold downregula-
tion of sodB, in addition to other ROS-subsiding genes (Fig. 5B).

Further, to confirm that ROS generation is the sole mechanism of persister killing, we
treated A. baumannii AB5075 cells with polymyxin B followed by rifampicin in the presence
and absence of the ROS-quenching agent thiourea. Additionally, to investigate whether
rifampicin-induced persisters could be eradicated by polymyxin B treatment, we per-
formed the assay by treating cells with rifampicin first followed by polymyxin B. When
polymyxin B was followed by rifampicin treatment in the absence of thiourea, complete
eradication of polymyxin B persisters was observed. However, the persister survival rate
remained at 0.001% when treatment was performed in the presence of thiourea (Fig. 5C).
This strongly suggested that the combination of rifampicin and polymyxin B generated
ROS sufficient to kill A. baumannii persisters. Additionally, no such effect was observed
when the order of treatment was reversed, suggesting that polymyxin B treatment is inef-
fective in killing rifampicin persisters in A. baumannii (see Fig. S6).

High intracellular ROS levels in persister cells lead to oxidative damage of DNA and
eventually cell death. ROS also oxidize dCTP and dGTP pools, causing misincorporation
of bases into DNA, which leads to double-strand breaks (37). This enhanced ROS-medi-
ated DNA damage was evaluated using the terminal deoxynucleotidyltransferase-
mediated dUTP-biotin nick end labeling (TUNEL) assay coupled with flow cytometry,
taking DNA-damaging levofloxacin at 16mg/ml as the positive control. The TUNEL
assay revealed that, in the presence of rifampicin, polymyxin B-induced persisters

FIG 4 Legend (Continued)
phase, early stationary phase, and late stationary phase. Upon treatment with 10� MIC of polymyxin B, cells were harvested at
treatment times ranging from 1.5 h to 24 h. Scale bar for all images, 50mm. (B) Polymyxin B-induced persisters with the dual
fluorescence module of A. baumannii AB5075 were treated with seven antibiotics at concentrations below the clinical
breakpoint concentration. Survival kinetics of persisters upon treatment were monitored by taking fluorescence readings of
red-fluorescing cells. MICs were as follows: meropenem, 4mg/ml; rifampicin, 1mg/ml; tobramycin, 8mg/ml; tigecycline, 0.5mg/
ml; hygromycin, 16mg/ml; levofloxacin, 2mg/ml; erythromycin, 8mg/ml. PMB, polymyxin B; MEM, meropenem; RIF, rifampicin;
TOB. tobramycin; TGC, tigecycline; HYG, hygromycin; LVX, levofloxacin; ERY, erythromycin,. Each treatment group was
compared with the control group for statistical significance. ****, P, 0.0001; ***, P, 0.001.
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exhibited increased DNA damage, as evident from enhanced incorporation of fluores-
cein isothiocyanate (FITC)-dUTPs at the site of double-strand breaks (Fig. 5D). Further,
fluorescence microscopy was performed to assess the FITC-dUTP incorporation in dif-
ferent treatment groups (see Fig. S7).

Rifampicin treatment facilitates killing of A. baumannii polymyxin B persisters
in a murine model.We used an acute wound infection model to show the in vivo efficacy
of rifampicin treatment in persister eradication. To this end, 10-fold concentrated
polymyxin B-induced A. baumannii persisters were added to the wound and
allowed to dry. Next, we added cell-free medium, cell-free medium with 10� MIC
polymyxin B, or cell-free medium with 10� MIC polymyxin and rifampicin to differ-
ent groups. Cell-free medium supplemented with 10� MIC rifampicin with nonper-
sister A. baumannii AB5075 was taken as a positive-control group. Quantitative
analysis revealed that rifampicin treatment could significantly (P , 0.01) eradicate
polymyxin B A. baumannii persisters in the murine acute wound infection model,
lowering the persister burden to 3-log-fold (Fig. 6).

FIG 5 Suppression of sodB leads to enhanced ROS generation and eradication of polymyxin B-induced A. baumannii persisters. (A) Time-dependent
increase in ROS generation upon rifampicin treatment measured using the ROS-sensitive fluorescent probe DCF-DA. (B) qRT-PCR analysis of ROS-
scavenging genes in A. baumannii. Relative gene expression was calculated by the DDCT method, using 16S rRNA as the reference genes. (C) ROS
quenching by using thiourea conferring protection of polymyxin B-induced A. baumannii persisters upon rifampicin treatment, suggesting that ROS-
mediated killing is the sole mechanism of persisters eradication. (D) TUNEL assay coupled with flow cytometry to assess rifampicin treatment-induced
DNA damage in A. baumannii persisters. The x axis represents the relative FITC fluorescence. MV, methyl viologen; PMB, polymyxin B; Rif, rifampicin;
LVX, levofloxacin; PC, positive control; ****, P, 0.0001.
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DISCUSSION

Persisters are bacterial subpopulations that exhibit transient tolerance to antibi-
otics, are ubiquitous among prokaryotes, and have been linked to relapse and
recalcitrance of infections in health care settings. Persisters cause high rates of mor-
bidity and death and have been linked to the rise and spread of antibiotic resist-
ance (38, 39). Rapid increases in antibiotic resistance and high rates of exposure of
immunocompromised patients to MDR pathogens might contribute to increased
numbers of cases of recurrent infections in the near future (40). Therefore, greater
understanding of the internal phenomena that might contribute to persister forma-
tion will lead to the development of treatment strategies to prevent recalcitrance
of bacterial infections.

In this study, the characteristics of persister formation by one of the important
ESKAPE pathogens, A. baumannii, were determined following treatment with the drug
of last resort, polymyxin B. Polymyxin B-treated A. baumannii isolates exhibit high rates
of persister formation, with huge survival rate variations among different clinical iso-
lates. Previous studies of bacterial persisters delineated the involvement of loss of
membrane potential, enhanced efflux activity, the toxin/antitoxin system, and stress
alarmone ppGpp-mediated regulation (41–45). Membrane potential or PMF, the prod-
uct of cellular respiration, describes the electrochemical gradient across the cytoplas-
mic membrane, which is composed of an electrical gradient (Dc ) and a chemical gradi-
ent (DpH) (46). This electrochemical potential of the cells underpins production of
cellular energy for bacterial cells to work in order to maintain a constant PMF (47).
Polymyxin B treatment-induced persisters exhibit compromised membrane permeabil-
ity owing to disruption of Dc and DpH components of PMF. Disrupted PMF results in
conversion of the F0-F1 ATP synthase complex to function as an ATP-driven proton
pump to drive normal dividing cells into a nongrowing phenotype through eventual
depletion of intracellular ATP (48). Also, many multidrug efflux pumps depend on PMF,
with energy from the proton gradient being harnessed to facilitate drug efflux from
the cell (49). RND pumps are the major class of MDR efflux systems among Gram-nega-
tive pathogens (50). RND pumps have been deemed the most important driving force
behind efflux of aminoglycosides and other antibiotics (21). Polymyxin B-induced per-
sisters exhibit an efflux-compromised condition in A. baumannii and thus can be eradi-
cated effectively by antibiotics that are otherwise effluxed out. Previously, it was shown

FIG 6 Rifampicin treatment facilitates killing of polymyxin B-induced A. baumannii persisters in a
murine model. Survival of polymyxin B-induced A. baumannii persisters was assessed after cells were
inoculated in wounds of mice and subjected to rifampicin treatment. Wound lysates were plated to
determine the efficacy of rifampicin to eradicate A. baumannii persister cells in vivo. Treatment with
rifampicin alone on A. baumannii AB5075 (non-polymyxin B persisters) is represented in the box.
PMB, polymyxin B; RIF, rifampicin. **, P, 0.01.
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that an amikacin-susceptible strain of A. baumannii displayed complete eradication of
colistin A. baumannii persisters upon treatment with the combination of colistin and
amikacin (17). In this study, however, the combination of colistin and amikacin was not
effective in eradicating A. baumannii persisters, due to intrinsic resistance displayed by
clinical isolates of A. baumannii. Cellular localization of cell division proteins also depends
on cellular PMF. FtsZ forms a ring-like structure (Z-ring) at the site of cytokinesis to estab-
lish a scaffold that sequentially recruits the divisome complex to initiate cytokinesis (51).
As previously reported, membrane-associated cell division proteins such as MinD and ZipA
(which anchor the FtsZ ring in a midcell location) maintain their spatial localization by their
membrane-binding amphipathic region. These nonpolar motifs bury themselves in the
lipid bilayer, and this interaction is further stabilized by the charged residue with charged
lipid head (52). Our results demonstrated that, in growth-arrested polymyxin B-induced
persisters, there is a loss of spatial localization of the FtsZ protein, a condition similar to
that of cells treated with the PMF disruptor CCCP.

The challenge to discover novel agents that are capable of eradicating bacterial per-
sisters has kept the output of novel antipersister agents to extraordinarily low levels,
mainly due to currently available time-consuming antipersister assays. To date, few
studies are available in which screening of antipersister agents was performed, due to
various CFU per milliliter-based rate-limiting steps, which limits simultaneous screen-
ing of large number of agents for antipersister activity. Therefore, we developed a dual
fluorescence module in A. baumannii AB5075, in which the killing kinetics of persisters
upon exposure to an agent could be monitored in real time, based on decreases in flu-
orescence reads for an expressed protein with a longer maturation time. This system is
proficient in detection of both type 1 and type 2 growth-arrested A. baumannii persist-
ers. Among the screened antibiotics, we found that rifampicin and tigecycline exhib-
ited significant killing of polymyxin B-induced A. baumannii persisters. We further vali-
dated this finding using conventional tolerance studies. This is the first report in which
a real-time strategy for eradication of A. baumannii persisters has been highlighted.

The generation of ROS and subsequent damage of cellular macromolecules by oxida-
tive stress is a secondary feature shared by many bactericidal antibiotics. We assessed
the amount of ROS generated by A. baumannii persisters induced by different classes of
antibiotics. Large amounts of ROS are tolerated by the growth-arrested persisters with
bacterial ROS scavengers, mainly consisting of superoxide dismutase and catalase.
Membrane damage by polymyxin B leads to generation of ROS, most specifically super-
oxide free radicals (53). Superoxide dismutase (SOD) readily breaks down superoxide
free radicals into oxygen and hydroxyl ions; the latter are further neutralized by catalase
and peroxidase (54). Earlier report on the treatment of A. baumannii ATCC 17978 with
colistin resulted in survival of persister cells via enhanced activity of ROS neutralization
assembly and upregulation of the emrAB efflux pump (55). The idea of potentiating the
damaging effect of ROS on cell killing and antagonizing the protective effect of the ROS
rescue system could implicate enhanced clearance of bacterial persisters. Our study
demonstrated that rifampicin, a transcription-inhibiting antibiotic, results in significant
downregulation in the expression of various ROS-scavenging genes, thus exceeding the
threshold amount of secondary damage by ROS and forcing cell death. ROS also oxidize
the dGTP and dCTP pools, causing misincorporation of bases and double-strand breaks
in DNA (37). The error-prone polymerase known as UmuD9C2 or DNA polymerase V is
used as a last-resort DNA repair system during elevated intracellular ROS-mediated DNA
damage and is highly mutagenic (56). A previous study involving antibiotic-induced
Escherichia coli persisters demonstrated that the development of the antibiotic-resistant
phenotype was greatest in ciprofloxacin-induced persisters due to upregulation of the
error-prone DNA repair process facilitated by UmuD9C2 (57). In this study, we observed
that elevated expressions of UmuD9C2 in polymyxin B-induced persisters was signifi-
cantly downregulated upon exposure to rifampicin, which led to diminished repair of
double-stranded DNA break-mediated eradication of polymyxin B persisters.

Our results also reveal an unprecedented link between sodB and the tolerance of A.
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baumannii persisters to polymyxin B. We also demonstrate that deletion of sodB
enhances the lethality caused by polymyxin B and abrogates the survival of persister
populations. This SOD-dependent pathway is targeted by rifampicin, leading to eradi-
cation of growth-arrested A. baumannii persisters by enhanced ROS generation. A. bau-
mannii is a MDR pathogen that is associated with pneumonia, bacteremia, and wound/
burn infections. Previously, it was demonstrated that treatment of A. baumannii infec-
tions with the polymyxin B class of antibiotics led to high rates of therapeutic failure
due to the presence of the persister phenotype. Here, we prepared polymyxin B-
induced A. baumannii persisters using the same method as described previously, and
we found that rifampicin treatment was able to eradicate the A. baumannii persister
burden in a murine wound infection model, an observation similar to that obtained
from our in vitro assays.

Rifampicin has been widely used for treatment of infections caused by Staphylococcus
aureus and Mycobacterium spp., although its effect in the eradication of the persister phe-
notype in Gram-negative pathogens has not been explored (58). Here, we report, as a
proof of principle, that rifampicin is able to eradicate polymyxin B-induced A. baumannii
persisters. Thus, it is convenient to suggest that our study encourages research using a
dual timer module to screen for antipersister agents and to target sodB for developing
new strategies against polymyxin B-induced A. baumannii persistent infections.

MATERIALS ANDMETHODS
Strains, culture conditions, and reagents. Various clinical strains of A. baumannii were isolated

from patients attending the Government Medical College and Hospital (Chandigarh, India). A. baumannii
AB5075 mutant strains used in this study (DsodB, DsodC, Dperoxidase, Dcat, Dfur, Dznu, Dicl, Domps,
DcarO, Dbap, Dclp, Dpil, and Dtcs) were purchased from the University of Washington (USA). Briefly, an
overnight culture of A. baumannii was diluted 1:500 in Muller-Hinton medium and agitated at 37°C for 3.5 h,
with or without treatment with antibiotics, for the isolation of cells from the exponential phase of bacterial
growth. The antibiotics used in this study, including polymyxin B, rifampicin, tigecycline, meropenem, tobra-
mycin, apramycin, levofloxacin, tobramycin, hygromycin, and erythromycin, were purchased from Sigma-
Aldrich. CCCP was purchased from Sigma-Aldrich, and DiBAC4 and ACMA were purchased from Thermo
Fisher Scientific. The BacTiter-Glo kit was purchased from Promega. FITC-conjugated goat anti-rabbit IgG sec-
ondary antibody was purchased from Thermo Fisher Scientific. All other chemical reagents were of analytical
purity.

MIC testing. The MIC is defined as the minimum concentration of antibiotics at which no visible
growth of a microorganism is obtained. The MIC profile for each strain was determined using the broth
dilution method. MIC assays were performed with cation-adjusted Muller-Hinton broth in 96-well plates,
in a total volume of 200ml per well. The 2-fold dilution of antibiotics was performed serially across the
plate, except that the second last well contained no antibiotics. The bacterial culture was adjusted at 107

CFU/ml per well. The inoculum was added to the plate and incubated at 37°C for 12 to 14 h.
Persister assay. Persister assays were performed as described previously, with little modification

(10, 15). Briefly, different strains of A. baumannii were grown to the exponential phase (OD600 of ;0.5),
followed by exposure to antibiotic (10� MIC) for 3.5 h at 37°C with shaking at 200 rpm. After incubation,
cells were harvested, washed three times with PBS, and spread on LB agar plates after serial dilution. To
confirm that the surviving colonies were persister cells, two colonies were reinoculated into fresh LB me-
dium and an in vitro susceptibility assay was performed to ensure that the MIC had not changed.

Measurement of PMF. To determine the Dc component of PMF, the DiBAC4 fluorescent dye was
used. Antibiotic persisters were prepared as described previously. Isolated cells resuspended in PBS
were exposed to 30 mM DiBAC4 and incubated for 10 min at room temperature, and fluorescence read-
ings were taken at excitation and emission wavelengths of 485 nm and 528 nm, respectively. Similarly,
to determine the DpH component of PMF, the ACMA fluorescent dye was used. Normal and antibiotic
persisters were exposed to 8 nM ACMA dye and incubated for 37°C for 30 min with shaking at 200 rpm.
Fluorescence readings were taken at excitation and emission wavelengths of 419 nm and 483 nm,
respectively. Fluorescence was monitored in 96-well black plates using a Synergy H1 plate reader. CCCP
was taken as the positive control at a concentration of 5mM, and cells were treated for 3.5 h. Results are
expressed as the percentage of surviving CFU, in comparison to untreated cultures. The untreated group
CFU per milliliter was adjusted to match that of the polymyxin B-treated group for comparison.

ATP measurement. Intracellular ATP levels of polymyxin B persisters and normal cells with addition
of 100mM arsenate and 5mM CCCP were measured using the BacTiter-Glo kit according to the manufac-
turer’s instructions. The background ATP level was subtracted from spent medium from each sample,
and 3mM ATP was used as the positive control.

EtBr uptake assay. The cells of A. baumannii AB5075 were grown to an OD600 of ;0.5, and poly-
myxin B-induced persisters were prepared as described previously. The cells were resuspended in PBS
supplemented with 0.4% glucose, and the OD600 was adjusted to 0.3. EtBr was added into each sample
to yield a final concentration of 10mg/ml, and intake fluorescence kinetics were measured for 15 min
with excitation and emission wavelengths of 480 nm and 610 nm, respectively. Fluorescence was
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monitored in 96-well black plates using a Synergy H1 plate reader. Results are expressed as the percent-
age of surviving CFU, in comparison to untreated cultures. The untreated group CFU per milliliter was
adjusted to match that of the polymyxin B-treated group for comparison.

Immunofluorescence microscopy of FtsZ. Normal cells, polymyxin B persisters, and CCCP-treated
cells of A. baumannii AB5075 were harvested by centrifugation and washed two times in PBS. The cell
pellet was resuspended in 500ml of PBS, followed by addition of 100ml of fixative (2.5% glutaraldehyde),
and incubated at 4°C for 1 h. Fixed bacterial cells were washed two times with PBS, 10 ml of 2mg/ml ly-
sozyme was added, and cells were incubated for 20 min at 37°C. After three steps of washing, 2% bovine
serum albumin (BSA) was added as a blocking agent. The samples were incubated in a humid chamber
for 30 min. Anti-FtsZ antibody (1:100 dilutions in 2% BSA) was added to the samples after thorough
washing, and cells were incubated overnight at 4°C in a humidified chamber. The following day, the cells
were washed 10 times with PBS, and FITC-conjugated goat anti-rabbit IgG secondary antibody (1:500
dilution in 2% PBS) was added. After incubation for 30 min, the samples were washed three times with
PBS. 49,6-Diamidino-2-phenylindole (DAPI) (4mg/ml) was used to stain the nucleoid and, after five wash-
ing steps in PBS, the samples were added to a 1% agarose pad. After drying, the slides were visualized
with a Carl Zeiss fluorescence microscope (�100 magnification) with FITC and DAPI filters.

Detection of intracellular ROS. DCF-DA was used for detection of intracellular ROS. An overnight
culture of A. baumannii AB5075 was diluted 1:500 and allowed to grow to an OD600 of ;0.5. Antibiotic
persisters were washed with PBS and adjusted to an OD600 of ;0.3. DCF-DA at a working concentration
of 100mM was added and incubated at 37°C for 30 min. The fluorescence of samples was read using a
Synergy H1 spectrofluorometer at excitation and emission wavelengths of 485 nm and 528 nm, respec-
tively, using 96-well black plates. Results are expressed as the percentage of surviving CFU, in compari-
son to untreated cultures. The untreated group CFU per milliliter was adjusted to match that of the poly-
myxin B-treated group for comparison.

Real-time PCR. Briefly, 1mg of total RNA was used to prepare cDNA using the SuperScript III first-
strand synthesis kit (Invitrogen). Real-time PCR was performed with the SYBR green master mix (Applied
Biosystems) following the manufacturer’s instructions. Measurements were performed using the
QuantStudio 6� real-time PCR system (Applied Biosystems) with the following conditions: 95°C for
10min, 40 cycles of 95°C for 15 s and 60°C for 1min, and a final dissociation cycle of 95°C for 2min, 60°C
for 15 s, and 95°C for 15 s. Relative gene expression was calculated by the DDCT method using 16S rRNA
as the reference gene. Experiments were performed in biological duplicates and measured in technical
triplicates. Primers used for real-time PCR are given in Table S2 in the supplemental material.

Construction of dual fluorescence module in A. baumannii AB5075 and plasmids. All oligonu-
cleotides used in this study are listed in Table S2 in the supplemental material. Plasmid pRPT398 was
constructed by cloning the PCR product of the upstream and downstream 500 bp of the sulfite reduc-
tase gene into the pUC18 vector. A chimeric PCR product consisting of sfGFP (obtained from sfGFP-
pBAD) under the control of the constitutive strong promoter J23100 was fused with TdTomato
(obtained from TdTomato-pBAD) and subsequently cloned between the upstream and downstream
regions of cysI (a linker region was introduced between sfGFP and TdTomato so as not to disturb the
functioning of proteins). The apramycin cassette was amplified from the plasmid pMDIAI and cloned
into pRPT398 to yield pRPT400. All plasmid sequences are available upon request.

The plasmid pRPT400 was used to obtain a chimeric PCR product consisting of 150-bp upstream and
downstream segments of cysI with sfGFP, TdTomato, and apramycin (4.5 kb). The PCRs were performed
using high-fidelity HotStar DNA polymerase (Qiagen). Subsequently, each PCR product was purified after
running in an agarose gel, and purification was performed by following the manufacturer’s instructions
(QIAquick gel extraction kit; Qiagen). The chimeric PCR product was concentrated to 5mg and trans-
formed into A. baumannii AB5075 electrocompetent cells with pAT02 (induced by 2mM isopropyl-b-D-
thiogalactopyranoside [IPTG]). The transformants were screened for positive knock-in using the primers
Up150CysIFP and RPsfxma1. The apramycin cassette was removed from the positive transformants by
using pAT03 expressing FLP recombinase. For construction of the complementation strain, intact copies
of the araC-BAD promoter and sodB were amplified from the pBAD plasmid and genomic DNA of A. bau-
mannii AB5075 and cloned at BamHI/XmaI and XmaI/KpnI sites of pUC18 (with cloned-500 bp upstream
and downstream regions), respectively. The methods involving amplification of the chimeric PCR prod-
uct and knock-in methods were performed as described above.

Screening of antibiotic treatment against TdTomato-expressing A. baumannii. Polymyxin B per-
sisters were prepared using the persister assay described previously. Aliquots of 100 ml of polymyxin B per-
sisters suspended in PBS were added to the wells of 96-well black plates. Antibiotics at concentrations of
10� MIC were introduced into the respective wells, and killing kinetics were measured in reference to
decreases in the fluorescence intensity of TdTomato, which was read for the period of 7h with excitation
and emission wavelengths of 554nm and 581nm, respectively, using a Synergy H1 spectrofluorometer.

Biphasic killing assay. Exponentially growing A. baumannii cells were challenged with 10� MICs of
antibiotics and incubated at 37°C with shaking at 200 rpm. At 1.5, 2.5, 3.5, and 12 h, aliquots of 100 ml
were taken out, serially diluted in sterile PBS, and plated on LB agar plates. After overnight incubation at
37°C, colonies were counted to determine the viable cell counts in terms of CFU per milliliter.

ROS-quenching assay. Intracellular ROS were quantified using DCF-DA dye as described previously.
ROS quenching experiments were performed by exposing the polymyxin B persisters to quencher
(200mM thiourea) for 30 min at 37°C with shaking. Following three steps of washing, cells were exposed
to a second antibiotic (rifampicin at 10� MIC) and methyl viologen as positive control. To determine the
ROS-mediated eradication of polymyxin B persisters by rifampicin, serial exposure to two antibiotics was
performed. After 3.5 h of treatment with one antibiotic, cells were harvested and washed three times
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with PBS, and the other antibiotic was added in the presence or absence of 200mM thiourea. Aliquots
were taken at time points of 1.5, 2.5, 3.5, 4, 5, 6, and 7h and plated on LB agar to obtain CFU per milliliter.

TUNEL assay. The TUNEL assay was performed using the BD Pharmingen APO-DIRECT kit (BD
Biosciences), as described by the manufacturer. Antibiotic persisters were prepared by the method described
previously. The cells were resuspended in 1% paraformaldehyde in PBS (pH7.4) at a concentration of 106

cells/ml, and this suspension was kept on ice for 60 min. The cells were washed with PBS three times, and
cells were resuspended in 70% ice-cold ethanol and allowed to stand for 30 min on ice. For staining, the cell
pellet was resuspended in 1ml wash buffer. After two steps of washing, the pellet was incubated in 50 ml of
TUNEL reaction mixture, including FITC-dUTP and deoxynucleotidyl transferase enzyme, at 37°C in the dark
for 1h. After incubation, cells were washed twice with rinse buffer, counterstained with propidium iodide
(PI)/RNase staining buffer, and incubated at room temperature for 30 min. Samples were washed and then
resuspended in PBS for fluorescence-activated cell sorting (FACS) analysis. The FITC signal was analyzed with
an emitting laser at 488nm and a band pass filter of 525/15nm using a BD flow cytometer (BD Biosciences)
with a 70-mm nozzle. Graphs were generated using FlowJo version 10 software.

Morphometric analysis. For fluorescence microscopy, untreated and polymyxin B-treated A. bau-
mannii AB5075(DF) cells at different time points were aliquoted and adjusted to an OD of ;0.3. The
samples were washed three times with PBS to remove residual antibiotics, and polymyxin B-treated sam-
ples were concentrated 100-fold to achieve comparable cell counts with respect to the untreated group.
The samples were loaded on top of a 1% (wt/vol) agarose pad, and sample solutions were allowed to
evaporate and to absorb on the pad. A glass coverslip was gently placed to sandwich the cells flat on
the image plane. Images were taken using a Carl Zeiss microscope using two emission filters, at 488 nm
(sfGFP) and 580 nm (tdTomato). The number of cells in each field was calculated using ImageJ software.

Animal experiments ethics approval. Animal experiments were performed according to a protocol
submitted to the institutional animal ethics committees. Permission was obtained from the IIT Roorkee
ethics committee (protocol BT/IAEC/2017/03).

In vivo murine infection. We used an acute skin wound infection model to determine the efficacy
of rifampicin treatment in the eradication of polymyxin B-induced persisters of A. baumannii. Mice were
anesthetized (xylazine and ketamine), barbered on the dorsal region, and sterilized and then a whole-
skin section (1 cm by 1 cm) was removed using a biopsy punch to make an acute skin wound. Then, 5 ml
of 10-fold concentrated polymyxin B-induced persisters of A. baumannii AB5075 (prepared as described
previously) was seeded on the wound and allowed to fully dry before addition of 40ml of cell-free medium
without or with antibiotics (with 10� MIC of polymyxin B alone or in combination with rifampicin). After
full drying, the wound site was bandaged firmly with medical gauze. After the mice were housed over-
night, the scab on the wound was removed and homogenized. The lysates were serially diluted in sterile
PBS and plated on LB agar plates for the bacterial survival assay. Normal exponential-phase cells concen-
trated 10 times and treated with 10� rifampicin were taken as the positive control, and cells with no treat-
ment were taken as the negative control. For quantification, each sample was spread in triplicate.

Statistical analysis. Statistical analyses were carried out using Prism 8 software (GraphPad, CA USA).
The two-tailed Student's t test was used for comparisons between two conditions, while one-way analy-
sis of variance (ANOVA) with Tukey’s multicomparison posttest was used for comparisons between three
or more conditions. P values of ,0.05 were considered statistically significant.

SUPPLEMENTAL MATERIAL
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SUPPLEMENTAL FILE 1, PDF file, 0.4 MB.
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